The four-particle process of proton-helium transfer ionization has been studied using cold target recoil ion momentum spectroscopy to measure the momenta of all three particles in the final state. Most of the electrons are emitted in the H 0 scattering plane and in the backward direction. The final state momentum distributions show discrete structures very different from those expected for uncorrelated capture and ionization. The measured momentum pattern is interpreted to be due to a new transfer ionization reaction channel which results from strong correlations in the initial He ground state momentum wave function. DOI: 10.1103/PhysRevLett.86.2257 The dynamics of entangled many-body Coulomb systems is still one of the most fundamental challenges in physics. Even the simplest test case, the dynamics of the three-body Coulomb problem, has yet to be fully understood. Since the helium atom is the simplest many-electron system, its investigation has attracted particular interest from both the experimental and the theoretical sides [1, 2] .
The dynamics of entangled many-body Coulomb systems is still one of the most fundamental challenges in physics. Even the simplest test case, the dynamics of the three-body Coulomb problem, has yet to be fully understood. Since the helium atom is the simplest many-electron system, its investigation has attracted particular interest from both the experimental and the theoretical sides [1, 2] .
We present here a systematic investigation of the four-particle collision process of p 1 He ! H 0 1 He 21 1 e 2 transfer ionization (TI), where the momenta of all particles in the final state have been determined in coincidence with high resolution. One target electron is transferred to a projectile bound state (predominantly the 1s state), while the second one is emitted to the continuum.
The electron capture can proceed via different reaction channels: (i) electron-electron Thomas (EET) [3] [4] [5] , (ii) nucleus-electron Thomas (NET), and (iii) kinematical capture (K). In order to accomplish TI, the second electron must also be ionized. While the EET capture process does this automatically, the last two capture processes must be accompanied by an additional process such as shakeoff (K-SO or NET-SO) or an independent ionization of the second electron by the projectile (K-TS2 or NET-TS2). In the subsequent discussion, we will refer to these as two-step mechanisms for TI.
Our study was stimulated by the systematic work of Horsdal et al. [6] on TI processes for p on He. These authors found a pronounced peak at about 6 3 10 24 rad in the H 0 -scattering-angle-dependent ratio of TI to pure capture. The peak maximum increased with projectile energy E p and reached about 25% at 1 MeV proton impact energy. They interpreted this finding to indicate a possible large contribution from the EET process. However, Olson [7] and Gayet and Salin [8] later showed, by classical and quantum mechanical calculations within the independent electron approximation, that two-step processes can also produce such peak structures. Each of the processes listed above will lead to the population of well-defined parts of the final-state momentum space, as outlined below. By measuring the momenta of all fragments, we can therefore clearly distinguish the different processes. Based on our measured final state momentum distributions, we will show that neither EET nor two-step processes are responsible for the observed peak in the ratio. Our data show strong evidence for a new TI reaction channel, which we term c-K-TI (c stands for strong correlation), mediated by e-e correlation in the initial momentum wave function.
The experiment was performed by measuring the three-dimensional momentum vector of the recoiling He 21 ion in coincidence with the polar and azimuthal scattering angle of the projectile. The momentum vector of the emitted electron was then calculated from momentum conservation (see [5] ). The experimental momentum uncertainty was about 0.2 a.u. Details on the experiment can be found in [5] .
We first discuss the relative dependence of the measured cross sections on E p and the H 0 transverse momenta to show that two-step processes cannot explain important features of the data. In Fig. 1 , the singly differential charge transfer and transfer-ionization cross sections are shown as functions of the H 0 transverse momenta. The charge-transfer cross sections [ Fig. 1(a) ] show a large hump for p Ќ corresponding to H 0 scattering angles less than 5.5 3 10 24 rad (i.e., the region on the left side of the solid line) and a weaker dependence on the H 0 transverse momentum for scattering angles above 5.5 3 10 24 rad. The transverse deflection of the projectile in the region of the hump is created by transverse momentum transfer exchange through the captured electron only (Compton profile) (see [9] ). For these small deflection angles, the proton passes the He atom at very large nuclear impact parameters (typically ഠ1 a.u.) and the nuclear deflection is thus negligibly small. This is similar to the small 0031-9007͞01͞86(11)͞2257(4)$15.00 angle scattering for ionization where, up to an angle of 0.55 mrad, the projectile is mainly scattered from the electron [10] .
A similar feature is seen for the transfer-ionization channel, although the hump is broader. The measured ratio of the total cross section for transfer ionization to that for capture is nearly independent of the incoming proton energy E p and is approximately 2.5% for all E p (150 to 500 keV). Above 500 keV, the ratio increases and reaches about 4% at an E p of 1.4 MeV. If TI resulted from a process in which the capture and ionization occurred in two independent steps, the transfer-ionization probability at a given transverse momentum would be the product of a capture probability times an ionization probability P(I). Therefore, the ratio of the total TI cross section to the total single-capture (SC) cross section, as well as the corresponding scattering-angle-dependent ratio, should drop as 1͞E p (for K-TS2 or NET-TS2) or remain constant (for K-SO or NET-SO), following the energy dependence of P(I). These arguments are strongly supported by previous work on the ratio of double to single ionization in both differential and total cross section measurements. The double ionization in this energy regime is known to be dominated by a two-step (TS2) mechanism. The measured ratio decreases with increasing proton energy [11, 12] . In contrast to this result, the TI͞SC total cross section ratio in Fig. 1 does not decrease with increasing projectile energy, but instead actually increases above 500 keV. The same is true for the ratio of scattering-angle-dependent probabilities. We obtain [5] the same scattering-angle dependence and peak structure as were obtained by Horsdal and co-workers [6] . Again the peak value increases with increasing E p . Thus, from the data in Fig. 1 , we can draw two conclusions: (i) At angles below 0.55 mrad, the data are not consistent with a two-step process for TI; (ii) at these small angles, nuclear momentum exchange plays a minor role.
To further elucidate the behavior of the c-K-TI channel, we first discuss at which locations in momentum space the different TI channels are expected and then compare these expectations with the measured data. In the single capture process (K process) those electrons are capture, whose initial state velocity matches the projectile velocity. It can be shown [13] , from energy and momentum conservation, that the He 11 recoil ion will receive a longitudinal momentum transfer in the backward direction of my P ͞2 2 Q͞y P , where y P is the projectile velocity, and Q is the difference in electronic energies in the initial and final states. This backward momentum is the characteristic signature of kinematical capture processes. The transverse-momentum transfer to the He 11 recoil must exactly balance that given to the projectile. For the transfer ionization case, it is expected [14] that the additional ionized electron (2) has a rather small kinetic energy due to either a shakeoff process or due to ionization by an independent encounter with the proton [8] [distant collision between proton and electron (2)]. If the continuum electron leaves with a small transverse momentum, the transverse momentum of the recoil must balance that received by the projectile; if the continuum electron is ejected by a hard collision between projectile and electron (2), the recoil transverse momentum will be small and the projectile transverse momentum is balanced by that of electron (2) . For the EET process, the target nucleus is only a spectator and receives no momentum transfer at all. If we take k x to be in the direction of the H 0 transverse momentum P Ќ ͑H 0 ͒, k y to be the direction perpendicular to the H 0 scattering plane, and k z to be the beam direction (Mergel [5] ), the different TI channels are thus expected to produce mean recoil momenta centered about the following: For EET, ͑k x , k y , k z ͒ ͑0, 0, 0͒; for two-step processes (including NET-TI) with the transverse momentum balanced by the recoil, ͓2P Ќ ͑H 0 ͒, 0, 2my P ͞2͔; for two-step processes with the transverse momentum balanced by electron (2), ͓0, 0, 2my P ͞2͔.
In Fig. 2 we show the projections of the threedimensional momentum distributions of the He 
, it is evident that the recoil and electron momentum spectra always show localized peak structures with nonzero momenta. This is indeed surprising as these spectra represent the projection from all k y components (i.e., all azimuthal angles with respect to the H 0 scattering plane). This shows that electron (2) and the recoil ion are both emitted within a narrow cone ͑,1 a.u.͒ in the H 0 scattering plane. The mean longitudinal recoil momenta are located close to 2my p ͞2, indicating that K-TI and NET-TI are the dominating processes for all angles and that the EET contribution is negligible at these angles and impact energy (contrary to the explanation given by Horsdal et al. [6] ). NET-TI can also be excluded since no cross section is found at a recoil momentum of ͑k x , k y , k z ͒ ͑2kЌ͑H 0 ͒, 0, 2my P ͞2͒. If the hydrogen atom reaches a chosen scattering angle through two uncorrelated interactions of the proton with the He nucleus and with target electron (2) (two-step process), the transverse-momentum transfers to the He nucleus or electron will be representative of a single interaction with only one of these target constituents at a time, with the other acting as a spectator. This result is known in studies of multiple scattering of charged particles passing through matter. We established it for this case by performing classical trajectory Monte Carlo calculations of the double scattering of protons from both the He nucleus and an electron, and identifying which kind of events contributed to scattering at a chosen final angle. The result shows that the overwhelming contributors at any final angle are events in which a hard scattering from the nucleus is accompanied by a soft scattering from the electron or vice versa [15] .
The dashed line [Figs. 2(a) and 2(b)] at k z 22 a.u. and the white bullets represent the predicted k z and k x values for the recoil ion if the He recoil nucleus alone compensates the momentum of the transferred electron (1) and electron (2) acts as a spectator. In this case, electron (2) At all H 0 scattering angles ,0.65 mrad for all E p investigated (see [5] ), the measured transverse momenta never coincide with the expected locations for the two-step processes. On the contrary, the recoil and electron transverse momenta are found between the expected locations, providing that these TI events cannot be created by uncorrelated double scattering of the proton on the nucleus and on the electron (2). Thus, the peaking in the ratio of TI-to-capture probabilities observed in [6] cannot be due to EET nor to the two-step processes. Furthermore, we find that the mean momentum vectors of both the electron and the He 21 recoil ion are always lying in the H 0 scattering plane (see Fig. 2 ). This observation is again in conflict with the assumption of two-step processes. The transverse-momentum transfer in two independent scattering events would be randomly oriented with respect to the H 0 scattering plane. To explain the observed recoil and electron transversemomentum locations, we believe that only a previously unidentified, correlated TI process (c-K-TI) can create the observed pattern. Since in this process only a very small momentum is transferred from the proton to the He system, we believe that the correlated momenta in the initial He ground state play the crucial role. The process seems to occur only when the three particles in the He ground state are in a correlated momentum state. Thus, this process may provide an observation window through which correlation in the initial state momentum wave function can be directly revealed through the final state momentum distributions, very different from the traditional way of comparing probabilities.
The conclusions presented above are strongly supported by another feature seen in our data. As shown in Fig. 3 , the longitudinal components of the momentum of electron (2) for very small H 0 transverse momenta show an increasing backward emission with increasing y P . Again no two-step process would ever produce backward-emitted electrons. To our knowledge, this is the first time in ion-atom collisions that the majority of emitted electrons are observed to go into the backward direction. In a c-K-TI process due to initial-state correlation, however, the observed trend can easily be understood: The capture process picks out, by velocity matching, components of the initial-state wave function for which electron (1) has large forward directed momenta equal (in atomic units) to y P . In a correlated initial state, high forward momenta of one electron will correspond to high backward-directed momenta of the second electron, in agreement with the data in Fig. 3 .
We conclude the following from the different data discussed: (i) the locations of the recoil and electron transverse momenta, (ii) the discrete momentum sharing between recoil and electron, (iii) the confinement of recoil and electron momentum vectors in the H 0 scattering plane, and (iv) the backward electron emission that the TI contributions here observed can never be explained by any sequence of uncorrelated scattering processes. To the best of our knowledge, only initial-state correlation in the threeparticle He ground-state wave function can be responsible for these observations. Preliminary results of numerical calculations by J. Berakdar [16] indeed show the importance of initial-state correlation for the TI process.
